INTRODUCTION {#SEC1}
============

A pre-requisite for transcriptional activation of genes is the association of transcriptional factors with cis-regulatory elements such as promoters and enhancers in the genome ([@B1]). To regulate genes, transcription factors must first locate functionally important sites within cis-regulatory elements. Sequence specificity in DNA-binding of transcription factors is important for their target association. Eukaryotic transcription factors recognize relatively short (typically \<10 bp) sequences through direct base readout or indirect shape readout ([@B2]) and bind specifically to target sequences with high affinity. In many cases, however, sequence specificity alone is clearly insufficient for eukaryotic transcription factors to uniquely locate functional target sites because an overwhelming number of non-functional high-affinity sites are also present in the genome ([@B3]--[@B5]). These sites can serve as natural decoys that sequester transcription factors.

This problem is exemplified by the zinc-finger transcription factor Egr-1 (also known as Zif268 or NGFI-A), which recognizes 9-bp target sequences as a monomer ([@B6]). In mammals, Egr-1 is induced by particular stimuli or stress to cells and plays important roles in the nervous and cardiovascular systems ([@B7]--[@B10]). Because Egr-1 regulates ∼10^2^ genes ([@B11],[@B12]) and each cis-regulatory element may contain only up to several Egr-1 sites, the total number of functional targets for Egr-1 is estimated to be ∼10^2^--10^3^ sites. Upon induction, the number of Egr-1 molecules can reach ∼10^4^ per nucleus ([@B13]). However, the genome contains a far greater number of non-functional sites that are identical or similar to the target sequence and exhibit high affinities for Egr-1. The sequence specificity and binding free energy as a function of DNA sequence have been well studied for Egr-1 ([@B14]--[@B16]). It was shown that the genome contains millions of high-affinity sequences for Egr-1, and even though ∼90% of them are buried in nucleosomes, ∼10^6^ sites should remain accessible ([@B15]). Due to the huge number of decoys, it seems difficult for Egr-1 to adequately occupy each functional target because sequestration of Egr-1 molecules may occur in off-target locations.

Despite these circumstances, how can Egr-1 reach functionally important targets? This is probably relevant to Egr-1\'s co-localization with CpG islands (CGIs) *in vivo*, which has been shown in some cell types in several genome-wide ChIP-on-chip and ChIP-seq studies ([@B17]--[@B19]). CGIs are regions of DNA with a high density of CpG dinucleotides (CpGs) present within 200--3,000 bp. The human genome contains ∼25,000 CGIs, most of which are sites of transcription initiation ([@B20]). In fact, the majority (∼70%) of human gene promoters are associated with CGIs, although CGIs represent only 0.8% of the human genome ([@B21]). Perhaps surprisingly, CGIs are typically unmethylated for active genes, although CpGs are the substrates of major DNA methyltransferases and ∼85% of CpGs in the human genome are methylated ([@B22]). Because the Egr-1 consensus sequence, G[CG]{.ul}TGGG[CG]{.ul}, contains two CpGs, it is reasonable to consider that functionally important Egr-1 sites within CGIs are unmethylated, whereas Egr-1 decoys outside CGIs are methylated.

Given this information, one may think that DNA methylation may diminish affinity of decoys, allowing Egr-1 to locate unmethylated targets within CGIs. CpG methylation moderately changes structural properties of DNA and thereby affects some transcription factors ([@B23]). However, our recent biochemical study showed that the affinity of Egr-1 for its recognition sequence is unaffected by CpG methylation ([@B24]). The crystal structures of Egr-1 complexes with unmethylated and methylated target DNA ([@B6],[@B24]--[@B26]) also show that Egr-1 is well suited to recognize both unmethylated and methylated targets. Thus, DNA methylation alone cannot drive Egr-1 to unmethylated recognition sequences within CGIs.

Based on these considerations, we formulated a hypothetical model to explain how Egr-1 locates unmethylated targets within CGIs. This model is schematically depicted in Figure [1](#F1){ref-type="fig"} and would work in the following manner. Because CGIs represent only 0.8% of the genome, the vast majority of natural decoys for Egr-1 should be located outside CGIs and therefore methylated at CpGs. Due to this methylation, methyl-CpG-binding domain (MBD) proteins occupy these high-affinity non-functional sites, allowing Egr-1 to avoid being trapped there. In this manner, MBD proteins would indirectly guide Egr-1 to unmethylated targets within CGIs. Supporting this model, the genome-wide analysis of bisulfite sequencing and ChIP-seq data show that DNA regions ±300 bp from Egr-1 ChIP-seq peak centers are unmethylated ([@B27]). Our model differs from previous models for competition between MBD proteins and other transcription factors ([@B20],[@B28]). Our competitive model focuses on decoys outside CGIs, whereas the previous models focus on competition for functional sites within CGIs. Due to the large number of decoys in the genome, our model requires a high expression level of MBD proteins. The methyl-CpG-binding protein 2 (MeCP2) satisfies this requirement in some cell types; for instance, neuronal cells are estimated to contain as many as 10^7^ MeCP2 molecules per nucleus ([@B29]). In cell types where MeCP2 expression is lower, other MBD proteins, such as Mbd1 and Mbd2, are often more abundant, according to the protein abundance database PaxDb (<http://pax-db.org>). Thus, it seems that the overall expression level of MBD proteins is considerably high in many cell types, satisfying the condition required for our model.

![DNA methylation as a potential mechanism that facilitates the association of transcriptional activators with functional targets in CpG islands (CGIs) through competitive interplay with methyl-CpG-binding domain (MBD) proteins. The genome contains numerous non-functional high-affinity sites that are identical or similar to the target sequences of transcription activators. When these sites are accessible, they can serve as natural decoys that sequester transcriptional activators in non-functional locations (**A**). In vertebrate genomes, CpGs in CGI promoters of active genes are unmethylated, whereas ∼85% of CpGs outside CGIs are methylated. For activators that recognize sequences containing CpG (e.g. G[CG]{.ul}TGGG[CG]{.ul} for Egr-1; see also Figure [6](#F6){ref-type="fig"}), it is likely that their functional targets in CGIs are unmethylated, whereas decoys outside CGIs are methylated. DNA methylation outside CGIs may enhance the association of transcriptional activators with unmethylated targets in CGIs, because highly expressed MBD proteins block sequestration of the transcription activators in methylated decoys (**B**).](gkx387fig1){#F1}

In the current paper, we present our biochemical study as the first step to assess this model. We used a simplified system involving the DNA-binding domains of Egr-1 and MeCP2 together with synthetic DNA duplexes. The Egr-1 DNA-binding domain comprised three zinc fingers is well suited for biochemical and biophysical research on the target search process ([@B13],[@B30]--[@B35]). Taking advantage of this system, we have performed kinetic studies on the Egr-1 zinc-finger protein in the presence and absence of the MeCP2 MBD, when it is challenged with methylated CpG and unmethylated CpG sites within Egr-1 decoys. Our data demonstrate that DNA methylation of decoys accelerates Egr-1--target association through competitive interplay with the MeCP2 MBD, supporting our hypothetical model.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of Egr-1 zinc-finger protein {#SEC2-1}
----------------------------------------

The DNA-binding domain of the human Egr-1 protein (residues 335--423) comprised three zinc fingers was expressed in *Escherichia coli* and purified using affinity, size-exclusion and cation-exchange columns, as previously described ([@B32]). This construct was used in our previous nuclear magnetic resonance (NMR) ([@B32]--[@B38]), X-ray ([@B24]) and fluorescence ([@B13],[@B15],[@B30],[@B31]) studies. For simplicity\'s sake, this construct is referred to as the Egr-1 zinc-finger protein hereafter. The Egr-1 zinc-finger protein was quantified using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher).

Preparation of MeCP2 MBD {#SEC2-2}
------------------------

A synthetic gene encoding the MBD of the human MeCP2 (residues 77--167) was sub-cloned into the XmaI/XhoI sites of the pET-49b vector (Novagen). *Escherichia coli* strain BL21(DE3) transformed with this plasmid was cultured at 37°C in 4 l of M9 media containing kanamycin (30 μg/ml). At OD~600~ ≈ 0.8, protein expression was induced by 0.6 mM isopropyl β-D-thiogalactopyranoside, and the culture was continued at 37°C for additional 2 h. The *E. coli* cells were harvested and disrupted by sonication in a buffer containing 50 mM Tris•HCl (pH 7.5), 1 mM ethylenediaminetetraacetic acid (EDTA), 500 mM NaCl, 2 mM dithiothreitol, 5% glycerol, 1% Triton X-100 (Sigma-Aldrich) and a Roche protease inhibitor cocktail (one tablet per 50 ml). After centrifugation at 30,000 × *g* and 4°C for 20 min, the supernatant of the lysate was loaded on a glutathione S-transferase (GST)-Prep FF 16/10 column (GE Healthcare) equilibrated with 50 mM Tris•HCl (pH 7.5), 400 mM NaCl and 1% Triton X-100. The GST-MeCP2 MBD fusion protein was eluted using 50 mM Tris•HCl (pH 7.5), 400 mM NaCl and 10 mM glutathione. The fusion protein was cleaved with 100 units of HRV-3C protease (GenWay Biotech). After confirming the cleavage by polyacrylamide gel electrophoresis, the reaction mixture was concentrated to ∼10 ml with an Amicon Ultra-15 device, and loaded onto a Sephacryl S100 size-exclusion column (GE Healthcare) equilibrated with 50 mM Tris•HCl (pH 7.5), 1,000 mM NaCl, 2 mM EDTA for separation. Fractions containing the MeCP2 MBD protein were pooled, and the buffer was exchanged to 50 mM Tris•HCl (pH 7.0), 200 mM NaCl and 5% glycerol. The protein solution was loaded onto a Resource-S cation-exchange column (GE Healthcare) equilibrated with 50 mM Tris•HCl (pH 7.0), 200 mM NaCl and 5% glycerol and then eluted with a gradient of 200--500 mM NaCl. The MeCP2 MBD was quantified by UV absorbance at 280 nm based upon an extinction coefficient of 11,460 M^−1^ cm^−1^ (<http://web.expasy.org/protparam/>).

Preparation of DNA {#SEC2-3}
------------------

Chemically synthesized DNA strands were purchased from Integrated DNA Technologies, Inc. Each strand was purified with a Mono-Q anion-exchange column installed on a ÄKTA Purifier system (GE Healthcare). The sequences of the DNA duplexes used in the current study are shown in Figure [2A](#F2){ref-type="fig"}. The sequence of the decoy DNA duplexes (L~S~ and mL~S~) was chosen based on our previous study ([@B13]). This 28-bp sequence contains a quasi-specific site matching 6 bp out of the 9 bp of the Egr-1 recognition sequence and exhibits ∼400-fold higher affinity than completely non-specific 28-bp DNA L ([@B13]). The duplexes L~S~ and mL~S~ are identical in sequence, but differ in that the CpG sequence in the quasi-specific site is methylated in mL~S~. All 5-methylcytosine for CpG methylation were introduced when DNA was chemically synthesized. A fluorescein amidite (FAM) labeled 143-bp DNA duplex containing an Egr-1 target sequence was generated by polymerase chain reaction and purified as described previously ([@B30]). This FAM-labeled 143-bp probe DNA was used in our previous stopped-flow kinetics studies ([@B13],[@B30],[@B31],[@B34]). All other DNA duplexes were prepared through annealing of complementary strands and removal of excess single-stranded DNA as described previously ([@B30]).

![Stopped-flow kinetic assays for investigating how DNA methylation of decoys affects the target search kinetics for the Egr-1 zinc-finger protein in the presence and absence of the MeCP2 MBD. (**A**) Macromolecular components mixed in the stopped-flow experiment. The FAM-labeled probe DNA (143 bp), non-specific DNA *L* (28 bp) and quasi-specific decoy DNA *L*~S~ were used in our previous study ([@B13]). The decoy DNA mL~S~ is identical to DNA *L*~S~ in sequence, but is methylated at the quasi-specific site. (**B**) The time-course data of FAM fluorescence intensity recorded for the binding reactions using 2.5 nM probe DNA, 100 nM Egr-1 zinc-finger protein, 1850 nM non-specific DNA *L*, 150 nM unmethylated (DNA *L*~S~) or methylated (DNA *mL*~S~) decoy and 1,000 nM MeCP2 MBD. (**C** and **D**) Apparent pseudo-first-order kinetic rate constants for the target association of the Egr-1 zinc-finger protein in the presence of competitor DNAs. The Egr-1 quasi-specific sites in the decoys were methylated in panel C and unmethylated in panel D. The concentration of the probe DNA was 2.5 nM. The buffer was 10 mM Tris•HCl (pH 7.5), 150 mM KCl and 0.2 μM ZnCl~2~ for all experiments. The presence of the MeCP2 MBD substantially accelerated the target search kinetics of the Egr-1 zinc-finger protein only when the decoys were methylated.](gkx387fig2){#F2}

Stopped-flow fluorescence experiments {#SEC2-4}
-------------------------------------

The target search kinetics of Egr-1 were measured at 20°C using an Applied Photophysics SX20-LED stopped-flow spectrofluorometer. In these experiments, the following two solutions were rapidly mixed in a 1:1 volume (∼0.5 ml) ratio by the stopped-flow device: a solution of the Egr-1 zinc-finger protein, and a DNA solution of FAM-labeled probe DNA (143-bp) and competitor DNA, with the addition of the MeCP2 MDB in some experiments. Both solutions were in a buffer containing 10 mM Tris•HCl (pH 7.5), 0.2 μM ZnCl~2~ and 150 mM KCl. Immediately after the flow for mixing had been stopped, the time course data of fluorescence intensity were collected for a period of 4−50 s with time intervals ranging from 0.02 to 0.05 s. A light-emitting diode with maximum intensity at 470 nm was used for excitation of the FAM fluorophore. The emission light that passed through a long-pass filter with a cutoff at 515 nm was recorded. This configuration with no monochromator involved increases sensitivity in fluorescence detection. However, compared to observations with monochromators, it also increases non-fluorescent background and reduces the percentage change in the FAM fluorescence intensity upon the target association. The total concentration of the competitor 28 bp duplexes was kept constant at 2 μM, though the concentration of the quasi-specific duplexes as Egr-1 decoys was either 0 or 150 nM. The concentration of the probe DNA (*D*~tot~) was 2.5 nM, whereas the concentrations of the protein (*P*~tot~) and competitor (*C*~tot~) were varied. To create a pseudo-first-order condition to simplify the kinetic analysis ([@B39]), all binding reactions were conducted under conditions of *D*~tot~ ≪ *P*~tot~ ≪ *C*~tot~. The apparent pseudo-first-order kinetic rate constant (*k*~app~) for target association was determined from the time course of fluorescence intensity, *I*(*t*), by non-linear least-squares fitting with *I*(*t*) = (*I*~0~ -- *I*~∞~)exp(--*k*~app~*t*) + *I*~∞~, where *I*~0~ and *I*~∞~ represent the intensities at time zero and infinite time, respectively. Rate constants *k*~app~ were measured at various concentrations of the Egr-1 zinc-finger protein. For each kinetic rate constant, the measurement was replicated 8--10 times. MATLAB software (MathWorks) was used for non-linear least-squares fitting.

Competition assays for methylated and non-methylated DNA duplexes {#SEC2-5}
-----------------------------------------------------------------

Affinities of the methylated and unmethylated 28-bp DNA duplexes (the sequences shown in Figure [2A](#F2){ref-type="fig"}) for the Egr-1 zinc-finger protein and the MeCP2 MBD were measured using fluorescence-based competitive binding assays with an ISS PC1 spectrofluorometer. To measure the affinities of the Egr-1 zinc-finger protein, the 143-bp FAM-labeled DNA probe was used with one of the 28-bp DNA duplexes as competitor DNA. For measuring the affinities of the MeCP2 MBD, a FAM-labeled 19-bp DNA duplex, FAM-CTGGAA[CG]{.ul}GAATTCTTCTA in which the underlined CpG is methylated, was used as a probe. FAM fluorescence anisotropy was measured as a function of the concentration of the competitor DNA. Excitation and emission wavelengths were 490 and 521 nm, respectively. The concentrations of the fluorescent probe and the protein were 2.5 and 50 nM in the assays for the Egr-1 zinc-finger protein and 10 and 100 nM in those for the MeCP2 MBD, respectively. FAM fluorescence anisotropy was also measured in the absence of protein. Each anisotropy measurement was conduced for a 2 ml solution in a buffer containing 10 mM Tris•HCl (pH 7.5), 0.2 μM ZnCl~2~ and 150 mM KCl. For each competitor DNA, the dissociation constants *K*~d~ were determined from the anisotropy data by non-linear least-squares fitting using MATLAB software, as described ([@B40]).

RESULTS {#SEC3}
=======

In our previous study, using a stopped-flow fluorescence method, we demonstrated that the presence of quasi-specific sequences, which are similar to the target sequence, impedes target DNA association of the Egr-1 zinc-finger protein ([@B13]). In the current study, using a similar system together with the MeCP2 MBD and methylated DNA, we examine the above-mentioned hypothetical model on the association of Egr-1 with its unmethylated targets in the presence of decoys (Figure [1](#F1){ref-type="fig"}). The components we used in these stopped-flow experiments are shown in Figure [2A](#F2){ref-type="fig"}. To measure the Egr-1-target association kinetics, we collected time-course data for FAM fluorescence intensity upon mixing a solution of the Egr-1 zinc-finger protein with a solution of FAM-labeled probe DNA, non-specific DNA, decoy DNA and in some experiments, the MeCP2 MBD. Typical examples of the time-course fluorescence data are shown in Figure [2B](#F2){ref-type="fig"}. As observed in our previous studies ([@B13],[@B30],[@B31],[@B34]), the association of the Egr-1 zinc-finger protein with the target on the probe caused a decrease in fluorescence intensity. As shown in the Supplementary Data ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), the MeCP2 MBD does not interact with the Egr-1 zinc-finger protein directly. However, indirect interplay between these proteins through competition for methylated decoys enhances the apparent activity of the Egr-1 zinc-finger protein for unmethylated targets, as described below.

Unmethylated and methylated quasi-specific sites impede target search of Egr-1 {#SEC3-1}
------------------------------------------------------------------------------

We first examined whether methylation of the quasi-specific decoy DNA affects the target search by the Egr-1 zinc-finger protein in the absence of any other proteins. Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"} shows the results of kinetic measurements using methylated and unmethylated quasi-specific DNA duplexes, respectively. The data points shown in blue are the results from the experiments with 2.5 nM probe DNA, 1850 nM non-specific 28-bp DNA, 150 nM 28-bp decoy DNA containing a quasi-specific sequence and various concentrations of the Egr-1 zinc-finger protein. Note that the concentration of the decoy was set to be 60-fold greater than that of the target. To clarify the impact of the decoys, these figures also show the results from the experiments with 2000 nM non-specific 28-bp DNA and no decoy (shown in black). For both methylated and unmethylated quasi-specific sites, the presence of decoy DNA was found to substantially impede the target association of the Egr-1 zinc-finger protein. This effect occurred to a similar degree regardless of the decoy DNA\'s methylation state.

These results suggest that DNA methylation itself does not diminish the ability of a quasi-specific site to trap the Egr-1 zinc-finger protein. We verified this by measuring the relative affinities of the unmethylated and methylated quasi-specific DNA duplexes using competitive binding assays (Figure [3A](#F3){ref-type="fig"}). In this assay, anisotropy of FAM fluorescence from the 143-bp probe DNA was measured to determine the equilibrium population of the protein-bound target at various concentrations of the competitor DNA. Fluorescence anisotropy is related to the fluorophore\'s effective rotational correlation time, which can change upon molecular association ([@B41]). The FAM fluorescence anisotropy was measured to be 0.077 for the free probe and 0.161 for the protein-bound probe. The anisotropy measurements were conducted at various concentrations of the 28-bp competitor DNA duplexes with (*mL*~S~) and without (*L*~S~) the CpG methylation of the quasi-specific site (magenta and blue data points, respectively, in Figure [3A](#F3){ref-type="fig"}). The anisotropy data showed that at relatively low concentrations of the competitor, the target on the fluorescent probe was predominantly in the protein-bound state. However, an increase in competitor concentration caused a decrease in the population of the protein-bound target due to transfer of the protein to the competitor. The concentration dependence data were very similar for methylated and unmethylated competitors, indicating that CpG methylation does not diminish the Egr-1 zinc-finger protein\'s affinity for quasi-specific sites.

![Equilibrium competitive binding assays to investigate the impact of CpG methylation on the affinity of the decoy DNA for the Egr-1 zinc-finger protein (**A**) and the MeCP2 MBD (**B**). In panel A, FAM fluorescence anisotropy was measured for solutions containing 2.5 nM FAM-labeled 143-bp DNA containing the Egr-1 target (see Figure [2A](#F2){ref-type="fig"}), 50 nM Egr-1 zinc-finger protein and various concentrations of DNA L~S~ or mL~S~. In panel B, fluorescence anisotropy for an FAM-labeled 19-bp DNA containing a methyl-CpG was measured for solutions containing 10 nM probe, 100 nM MeCP2 MBD and various concentrations of DNA L~S~ or mL~S~. The vertical axes show the difference between fluorescence anisotropy values for each sample and free probe DNA solutions.](gkx387fig3){#F3}

MeCP2 accelerates target search of Egr-1 when quasi-specific DNA is methylated {#SEC3-2}
------------------------------------------------------------------------------

To test our hypothetical model (Figure [1](#F1){ref-type="fig"}), we examined whether the MeCP2 MBD would influence the association of the Egr-1 zinc-finger protein with unmethylated target when decoys were methylated. For this purpose, we conducted the same stopped-flow kinetic assays in the presence of the MeCP2 MBD in solution with the 143-bp DNA probe and methylated or unmethylated competitor DNA. Data points shown in red in Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"} show apparent pseudo-first-order rate constants measured for Egr-1-target association in the presence of 1 μM MeCP2 MBD.

When the MeCP2 MBD was present and the decoy was methylated in the system, the Egr-1 zinc-finger protein exhibited substantially faster association with the unmethylated target on the probe DNA (Figure [2C](#F2){ref-type="fig"}). At 1 μM MeCP2 MBD, there was a 12-fold increase in the rate constant for target association of the Egr-1 zinc-finger protein, compared to that in the absence of the MeCP2 MBD. As shown in Figure [4A](#F4){ref-type="fig"}, we found that this acceleration was dependent on the concentration of the MeCP2 MBD but became saturated at concentrations far higher than the decoy concentration. These results strongly suggest that the MeCP2 MBD accelerates the association of the Egr-1 zinc-finger protein with unmethylated target by blocking the methylated decoys as predicted by our hypothetic model (Figure [1](#F1){ref-type="fig"}).

![Acceleration of target association of the Egr-1 zinc-finger protein by the MeCP2 MBD and decoy methylation. (**A**) Dependence on the concentration of the MeCP2 MBD when the Egr-1 decoys were methylated. (**B**) Impact of the decoy DNA methylation when 1 μM MeCP2 MBD was present. Fold increases in the apparent pseudo-first-order rate constant *k*~app~ for the target association are plotted in each panel.](gkx387fig4){#F4}

In contrast, the acceleration of Egr-1\'s target association by the MeCP2 MBD was not observed when the decoy DNA was unmethylated (Figure [2D](#F2){ref-type="fig"}). In fact, the presence of MeCP2 MBD slightly slowed down the target association of the Egr-1 zinc-finger protein in the experiments with the unmethylated decoy. The slower target search of the Egr-1 zinc-finger protein in this situation may be due to additional binding of the MeCP2 MBD to the probe DNA. To illustrate the impact of decoy DNA methylation on the Egr-1 zinc-finger protein, Figure [4B](#F4){ref-type="fig"} shows fold increases in target association rate constants upon the decoy methylation. In the presence of 1 μM MeCP2 MBD, the decoy methylation resulted in 14- to 28-fold acceleration of the target association of the Egr-1 zinc-finger protein.

Although unmethylated and methylated decoys could almost equally impede the target search of the Egr-1 zinc-finger protein, the MeCP2 MBD markedly accelerated Egr-1 target association only when the decoys were methylated. This is likely due to specific binding of the MeCP2 MBD to methyl-CpGs at Egr-1 quasi-specific sites. We verified this by conducting equilibrium competitive binding assays and comparing the relative affinities of the MeCP2 MBD for these 28-bp quasi-specific DNA duplexes (Figure [3B](#F3){ref-type="fig"}). The affinity of the MeCP2 MBD for the methylated DNA (the dissociation constant *K*~d~ = 2.3 nM) was 54-fold higher than that for the unmethylated DNA (*K*~d~ = 124 nM), which is consistent with a previous study ([@B42]).

No acceleration by the MeCP2 MBD when the target is also methylated {#SEC3-3}
-------------------------------------------------------------------

If blocking methylated decoys by the MeCP2 MBD directly causes acceleration of Egr-1 target association as shown in Figure [2](#F2){ref-type="fig"}, it is expected that such acceleration will not occur when the target sequence on the probe DNA is also methylated. This is because the MeCP2 DBD should block the methylated target sequence on the probe DNA as well. We examined whether this is indeed the case by conducting the same experiment using another probe DNA (33 bp) in which the target sequence is methylated (Figure [5](#F5){ref-type="fig"}). Although CpG methylation of the same 143-bp DNA would be preferable, we used this DNA because site-specific incorporation of methyl-CpG was difficult to achieve with the FAM-labeled 143-bp probe DNA. Using the methylated 33-bp probe DNA together with the methylated decoy DNA mL~S~, we measured kinetic rate constants for target association of the Egr-1 zinc-finger protein in the presence and absence of the MeCP2 MBD. As expected, the MeCP2 MBD did not accelerate Egr-1 target association in this case (compare red and blue data points in Figure [5](#F5){ref-type="fig"}) but rather slowed it. In contrast, when the same 33-bp probe was unmethylated, the MeCP2 MBD significantly accelerated Egr-1 target association ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), as seen for the 143-bp probe DNA containing an unmethylated target. These results suggest that when Egr-1 targets are methylated, the MeCP2 MBD binds to them and thereby blocks Egr-1\'s association with the methylated targets.

![The MeCP2 MBD does not accelerate target association of the Egr-1 zinc-finger protein when the target is also methylated. The graph shows the apparent kinetic rate constants measured for the target association of the Egr-1 zinc-finger protein using the same conditions as those in Figure [2C](#F2){ref-type="fig"} except that the Egr-1 target in the 33-bp probe DNA was methylated.](gkx387fig5){#F5}

DISCUSSION {#SEC4}
==========

In vertebrates, DNA methylation is an important epigenetic mechanism that is associated with various biological processes such as development, genomic imprinting, and X-chromosome inactivation ([@B43]). Abnormalities in DNA methylation status are associated with cancer and many other diseases ([@B22],[@B44]). While the regulatory mechanisms of DNA methylation and demethylation remain under active investigation ([@B27],[@B45]), it has been well established that DNA methylation within CGIs is directly associated with gene silencing ([@B21],[@B43],[@B46]). Based on our biochemical data, we argue that DNA methylation outside CGIs may indirectly enhance activities of transcriptional activators at CGIs through competitive interplay with MBD proteins.

DNA methylation as potential facilitator of transcription factor--CGI interactions {#SEC4-1}
----------------------------------------------------------------------------------

Our current biochemical data show that DNA methylation of decoys can greatly facilitate association of the Egr-1 zinc-finger protein with its unmethylated target through competitive interplay with the MeCP2 MBD. In this manner, MBD proteins may indirectly guide Egr-1 to unmethylated targets within CGIs by blocking methylated decoys outside CGIs. We speculate that this model may be applicable for some other transcriptional activators that bind to CGI promoters. In fact, there are many transcriptional activators that recognize CpG-containing sequences (some examples are shown in Figure [6](#F6){ref-type="fig"}) ([@B27]). The binding of these transcriptional activators to their unmethylated targets in CGI promoters may be facilitated by highly expressed MBD proteins that block numerous methylated decoys outside CGIs, as shown in Figure [1](#F1){ref-type="fig"}.

![Some examples of human transcriptional activators that recognize CpG-containing sequences. Height of each letter represents likelihood of base type at each position within the recognition sequences. Adapted from the MotifMap database (<http://motifmap.ics.uci.edu/>).](gkx387fig6){#F6}

Potential mechanism for transactivation by MeCP2 {#SEC4-2}
------------------------------------------------

Our hypothetical model (Figure [1](#F1){ref-type="fig"}) provides insight into the transcriptional activation by MeCP2. With an MBD and a transcriptional repression domain, this protein was originally regarded as a methyl CpG-dependent transcription repressor ([@B47]). However, despite the lack of any known transcriptional activation domains, MeCP2 activates more than 2,000 genes in neurons under the control of CGI promoters where CpG methylation is rare ([@B48]). In fact, MeCP2 activates ∼6 times more genes than it represses. Chahrour *et al*. proposed that protein--protein interactions with the transcription factor CREB1 could be responsible for transactivation by MeCP2 ([@B48]). While this may explain the activation of some genes, it remains unclear why MeCP2 can activate so many genes. Our model (Figure [1](#F1){ref-type="fig"}) may provide an explanation. Because CpGs are highly methylated outside CGIs, highly expressed MeCP2 can effectively block non-functional high-affinity sites for transcriptional activators that recognize CpG-containing sequences. This will indirectly guide transcriptional activators to unmethylated targets within CpGs and thereby activate downstream genes. Our model does not require any direct protein--protein interactions with particular transcriptional activators and could explain why MeCP2 activates so many genes. This model is directly applicable to CREB1 as well because the CREB1 recognition sequence, TGA[CG]{.ul}TCA, contains a CpG. Our model is also consistent with the observation that the promoters of genes activated by MeCP2 are not methylated ([@B48]).

Relevance to 'DNA methylation paradox' {#SEC4-3}
--------------------------------------

Our model could also explain the so-called 'DNA methylation paradox' ([@B46],[@B49]), which concerns DNA methylation yielding opposite effects depending on genomic contexts. In vertebrates, although DNA methylation within CGI promoters is typically associated with gene silencing, DNA methylation in the gene bodies is positively correlated with gene expression level ([@B46],[@B49]). In our model (Figure [1](#F1){ref-type="fig"}), a high level of DNA methylation outside CGIs should increase CGI-binding of transcriptional activators that recognize CpG-containing sequences. Because the MBD proteins block methylated decoys outside CGIs, the transcriptional activators can occupy their functional sites within CGI promoters more easily, thereby increasing gene expression level. On the other hand, CpG methylation within CGIs should cause binding of MBD proteins to CGI promoters and reduce the expression of downstream genes. This repression could occur through excluding transcriptional activators from CGI promoters and recruiting co-repressor proteins via the transcriptional repressor domain of MBD proteins.

However, it should be noted that our model is not applicable for some transcriptional activators such as Klf4 and CEBPB, which preferentially bind to CpG-methylated DNA *in vitro* ([@B27]). Genome-wide ChIP-seq and bisulfite sequencing studies for Klf4 and CEBPB show that ∼20--40% of the genomic regions bound by these proteins are methylated *in vivo* ([@B50],[@B51]). It remains to be addressed why these proteins can occupy the CpG-methylated regions despite the high abundance of MBD proteins in the cells. Protein--protein interactions with other proteins might increase occupancies of Klf4 and CEBPB in these regions.

New perspective on target DNA search {#SEC4-4}
------------------------------------

Our current work provides a new perspective on the target DNA search mechanisms for transcription factors. Over the past four decades, the mechanisms allowing transcription factors to rapidly locate their specific targets in the genome have been the subject of considerable interest in biophysics and biochemistry ([@B52]--[@B55]). While recent studies using NMR and single-molecule techniques revealed great details on how proteins scan DNA efficiently ([@B56]--[@B59]), studies that focus on factors that impede the search process have been rare ([@B60]). Numerous non-functional high-affinity sites in the genome could serve as decoys that trap transcription factors and affect their functions ([@B3],[@B13],[@B61]--[@B65]). Our study shows that the target search process for transcription factors can be greatly accelerated when other proteins block such decoys. This mechanism does not require any direct protein--protein interactions, although the current paradigm for synergy between transcription factors typically assumes their direct interactions ([@B66],[@B67]). In our current case, the MeCP2 MBD facilitates the association of the Egr-1 zinc-finger protein with the unmethylated target by blocking methylated decoys. In principle, other proteins could also provide the same acceleration mechanism, as long as they selectively block decoys but not targets. For example, highly expressed transcription factors with similar but different sequence specificity may enhance the function of other transcription factors by selectively blocking their decoys. Natural decoys and their DNA methylation may play key roles in regulation of transcription factors.
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